Introduction
Photodynamic therapy (PDT) exploits the cytotoxic effects of light-activated compounds to achieve spatially selective tissue eradication. It is used in treating a wide range of tumors (Lou et al., 2003) , localized infections (Hamblin & Hasan, 2004) , and diseases like the wet form of age-related macular degeneration (Bressler & Bressler, 2000) . The treatment involves application of a non-toxic photosensitizer that is preferentially taken up by the target cells/tissue. Optical excitation of the photosensitizer produces reactive oxygen species that cause localised, apoptotic cell death. Herein we review the application of a new modalitytwo-photon excitation-PDT (TPE-PDT) -to the treatment of wet age-related macular degeneration (wet-AMD). We show that the application of TPE-PDT, in conjunction with newly developed photosensitizers, has the potential to greatly improve therapy of wet-AMD.
Why two-photon photodynamic therapy (TPE-PDT)?

Photodynamic therapy (PDT)
Wet-AMD is characterised by generation of blood vessels in the normally avascular retinal macula. The newly formed blood vessels leak fluid and/or blood under the macula, leading to rapid vision loss through damage to the photoreceptors (Rattner & Nathans, 2006) . PDT, using single photon activation of the photosensitizer Verteporfin (trade name Visudyne), has been used for the treatment of wet-AMD since 2000 (Bressler & Bressler, 2000) . In the clinic, verteporfin is first administered to patients through systemic injections (Soubrane & Bressler, 2001) , and the photosensitizer accumulates in areas of high cellular reproduction like the neovasculature in the retinal tissue. Photo-irradiation of the photosensitizer leads to a localised, Type II photoreaction associated with singlet oxygen generation (SchmidtErfurth & Hasan, 2000) . The photosensitizer absorbs a photon and is promoted to the excited singlet state that converts to an excited triplet state through intersystem crossing. An energy transfer between the triplet excited state of photosensitizer and naturally occurring triplet oxygen then produces reactive singlet oxygen. While Type I reactions involving radicals are also possible, PDT is generally accepted as occurring predominantly through the singlet oxygen mechanism. Fig. 1 . Visual representation of Verteporfin photodynamic therapy: injected verteporfin accumulates in the retinal neovasculature, where it is activated by illumination with a 680nm laser beam. Laser activation leads to singlet oxygen production that in turn leads to vessel occlusion. [Adapted from PhD thesis of K. S. Samkoe (Samkoe, 2007)] Currently, clinical PDT treatment involves excitation of Verteporfin with 689nm laser light that excites via a one-photon absorption peak in the so-called Q-band of the photosensitizer. The disadvantage of this treatment regime is that one-photon excitation can damage the over-and underlying tissues adjacent to the treated area, through excitation of photosensitizer present there (Reinke et al., 1999) . This deleterious side-effect can be reduced by using two-photon excitation of photosensitizer.
Two-photon excitation PDT (TPE-PDT)
Two-photon excitation (TPE) of fluorophores is extensively utilized in confocal microscopy (Oheim et al., 2006; So et al., 2000) . Because two-photon absorption cross-sections are very small, excitation requires high fluxes of light that can be achieved by using a tightly focused femtosecond laser beam as the light source. In TPE, a molecule is excited by simultaneous absorption of two photons of half the energy, or twice the wavelength, of one photon excitation. (Goyan et al., 2001; Oheim et al., 2006) . It should be noted that the excited states achieved by one and two-photon absorption are identical. The photophysical and photochemical properties of the photosensitizer are thus, unaffected by the mode of excitation (Goyan & Cramb, 2000; Samkoe et al., 2006) . Fig. 2 . In one photon excitation, photosensitizer activation occurs throughout the path of the laser beam, but in two-photon excitation, activation occurs only at the focus of the laser beam (red oval in right panel). The localised excitation in TPE-PDT is likely to cause less collateral damage. [Adapted from PhD thesis of K. S. Samkoe (Samkoe, 2007)] Typically, excitation volumes of a few femtoliters can be achieved with two-photon absorption. This extremely confined excitation volume allows for high spatial selectivity. Use of a TPE treatment modality therefore, has the potential to selectively excite photosensitizer in the neovasculature, leaving the surrounding tissue unaffected (see Figure  2 ). In the following sections we review the experiments that demonstrate TPE-PDT in vitro and vessel occlusion in vivo with clinically approved and novel photosensitizers, and discuss the implications of its therapeutic use.
TPE-PDT in vitro -Testing photosensitizers in cell-lines
While in vivo experiments in animal models are essential to test and demonstrate the efficacy of drugs, it is very useful to quickly pre-screen drugs in cellular models before expending
One-photon excitation Two-photon excitation time and effort on laborious animal experiments. Cells can grow faster than animals, are inexpensive to maintain and easier to handle. In the context of PDT, they are particularly useful since cell death post-PDT treatment can be easily quantified. Khurana et al (Khurana et al., 2007) have used endothelial cells to assess the TPE-PDT efficacy of photosensitizers approved for one photon PDT -namely, photofrin and verteporfin. They incubated a confluent monolayer of endothelial cells (YPEN-1) with each photosensitizer and performed TPE-PDT by irradiating the cell layer with the 865nm laser line of a femtosecond Ti:Sapphire laser at various output powers. TPE-PDT effect was quantified by using cell permeability stains to assess cell death post-treatment. The authors achieved TPE-PDT induced cell death with both photosensitizers, but Verteporfin was around seven times more effective, consistent with its higher two-photon cross-section. Using verteporfin and by varying the laser dose, they were also able to demonstrate the www.intechopen.com While utilizing clinically approved photosensitizers for TPE-PDT is very attractive, their small two-photon absorption may be limiting in the clinical context. Collins et al (Collins et al., 2008) reported the use of "designer" TPE-PDT drugs -novel porphyrin dimers specifically designed to have high two-photon absorption cross section. The authors tested a series of porphyrin dimers for their PDT-induced cytotoxicity in a cancer cell line and demonstrated the higher TPE-PDT efficiency of dimer 1 ( fig. 3 ) relative to verteporfin. Dimer 1 was then selected for in vivo TPE-PDT testing [section 3.2.2] and is a strong candidate for future development as a TPE-PDT photosensitizer.
TPE-PDT in vivo
3.1 Complete occlusion of neovasculature in the chicken CAM
The CAM as a model for wet-AMD
The chicken chorioallantoic membrane (CAM) is a transparent extra-embryonic membrane that grows against the inner wall of the developing egg. It is an external lung and waste exchange system for the embryo, and has a wide range of blood vessel sizes -from a few microns to several hundred microns in diameter (Patten, 1971) . This makes it easy to find blood vessels that are similar in size to the neovasculature produced in the human eye during AMD (see Figure 4) , and like the latter, the blood vessels are undergoing rapid angiogenesis between days 5 to 9 of gestation (Schlatter et al., 1997) . The chicken embryo has a short gestation period and is easy to manipulate. It is as such, an inexpensive and useful model for the neovasculature occurring in wet-AMD. Fig. 4 . The chicken chorio-allantoic membrane (CAM) exhibits blood vessels similar in size to those in the human eye, making it a good model for the neovasculature in wet-AMD.
[Picture of chicken embryo reproduced with permission from Clancy et al., 2010, Chemical Physics Letters, 488, 99-111 ; picture of human retina reproduced from PhD thesis of K. S. Samkoe (Samkoe, 2007 
Experimental set-up for PDT in the chicken embryo
The following protocol to prepare the embryo was developed in the Cramb group . Chicken eggs are incubated at 37°C and 60% humidity for 9 days prior to the experiment. On day 4.5, the eggs are "windowed" by first draining 3-4ml of albumen from the blunt end using a syringe, and then cutting a small window in the egg-shell. The window is then covered by cellulose tape for the duration of the incubation, and widened before the experiment to facilitate injection. For the TPE-PDT experiments, the embryo was mounted on an upright fluorescence microscope with a custom designed sample stage ( Figure 5 ). Verteporfin was administered as a vesicle preparation, injected intrarterially or intravenously, using a microinjector attached to the sample stage. 10min after injection, PDT was performed by directing the light (780nm) of a Ti:Sapphire laser (pulse duration ~ 100fsec) into the selected artery. Laser power of the incident light, duration of the laser illumination and the number of laser treatments were varied to achieve optimal PDT treatment. Vessel occlusion was monitored by taking video images of the treated areas before and after PDT treatment. For tracking long term occlusion, embryos were monitored for up to 6hrs after TPE-PDT treatment. For the multiple short laser treatments, each treatment was performed by focusing the laser beam on to the upper wall of the blood vessel for the required time, then moving it to another spot, close by, on the same artery.
Vessel occlusion by TPE-PDT in the chicken embryo
The first experiments demonstrating TPE-PDT-induced complete occlusion of blood vessels in the CAM occluded up to 15µm diameter arteries 38mW (corresponding to a fluence of 1.1x10 8 J/cm 2 ) and treatment time of 5min achieved complete occlusion of these small arteries immediately after the treatment. As expected, increasing the drug dose, the laser power, and/or the laser treatment time increases the efficacy of occlusion, presumably through increased singlet oxygen generation. By increasing the laser power and treatment times, it was also possible to achieve long-term occlusion of blood vessels. A minimum of 45mW laser power and a laser treatment time of 3min were required for long term occlusion of up to 50μm arteries (Khurana et al., 2009 ) ( fig.6 ). Clearly, increasing the laser power and laser treatment times has the potential to improve occlusion efficacy of TPE-PDT and shut down larger feeder vessels. So is there a glass ceiling? The two major limiting factors are the laser's maximum power output which limits the maximum fluence, and the photosensitizer/oxygen concentration in the excitation volume, which limits the singlet oxygen generated during the treatment. In our experiments, it appears to be the latter, with the TPE-PDT efficacy levelling off at laser powers of 120mW for the highest drug dose tried (2 mg per kg of body weight). The option of increasing the treatment times is not preferred as longer treatment times reduce the long- term viability of the embryo and limit the usefulness of the model in terms of tracking longterm occlusion. Moreover, for patient compliance during TPE-PDT, shorter treatment times are preferred. Fig. 7 . Varying the laser dosage and treatment regimes to occlude large blood vessels shows that multiple short treatments are more useful than long single treatments in vessel occlusion.
Multiple short laser treatments, interspersed with 'dark' periods, could overcome these limitations by exciting a large number of photosensitizers in a short period, and then allowing the blood flow to replenish the ground state photosensitizer and/or oxygen during the 'dark' period. The examples in Fig. 7 and 8 clearly indicate that multiple short laser treatments are more efficacious than single long treatments to achieve long-term occlusion of large vessels. We were able to completely occlude up to 100μm sized arteries using laser power as low as 70mW with 30sx3 laser treatments, whereas a laser power of 120mW and 120s treatment time only succeeded in occluding up to 60μm arteries. Our data suggest that in the context of clinical verteporfin TPE-PDT treatment, it would be useful to investigate multiple short laser treatments to achieve optimal PDT efficiency and shut down large feeder vessels. 
The mouse window chamber model for testing vascular occlusion
Khurana et al (Khurana et al., 2009 ) have investigated TPE-PDT in a murine chamber window model. Surgical placement of a transparent window (1cm diameter) into the dorsal skin of a mouse allows for direct visualization of skin vasculature and administration of PDT treatment under a confocal laser scanning microscope (see Figure 9 ). This has the advantage of using a more robust animal model that allows for tracking of vascular occlusion on the long term -up to 25hrs. With the chicken CAM model, it is typically possible to track vessel occlusion only up to 6-7hrs after the treatment. The disadvantage of using the mouse model for wet-AMD is that the blood vessels tested are normal healthy vessels, not leaky neovasculature of the type found in wet-AMD and the chicken CAM. 
Vessel occlusion by TPE-PDT in the windowed mouse
Khurana et al (Khurana et al., 2009 ) tested two different photosensitizers for TPE-PDTverteporfin and a novel porphyrin dimer specifically designed for larger two-photon absorption. For TPE-PDT, a small area (80x80μm 2 ) on the selected blood vessel was raster scanned with the appropriate laser (865nm for verteporfin and 920nm for the porphyrin dimer). A range of photosensitizer and light doses were investigated in order to obtain the optimal value of drug-light product (product of drug concentration and light fluence) and compare TPE-PDT to conventional one photon excitation PDT. The authors focused on complete occlusion of 40-50µm diameter arteries and compared the verteporfin drug-light product of one and two-photon PDT.
The drug-light product for verteporfin TPE-PDT was more than three orders of magnitude higher than the corresponding value for one photon PDT. This was as expected since verteporfin has a much lower absorption cross-section for two-photon excitation. Consequently, a much higher light and drug dose would be necessary to achieve the same vascular occlusion. Interestingly, the corresponding verteporfin TPE-PDT drug-light product in the chicken CAM was ten times higher, suggesting that the CAM vasculature is much less responsive to TPE-PDT. It must be noted that the neovasculature in the CAM is very leaky compared to the mouse vasculature tested. It is quite possible that the higher drug-light product in the CAM is a consequence of lower effective drug concentrations in the excitation volume due to the leaky nature of the vessels.
The porphyrin dimer (dimer 1, fig.3 ) tested by Khurana et al (Khurana et al., 2009 ) had a 340-fold higher two-photon absorption cross-section compared to verteporfin, but exhibited only a twenty times lower drug-light product. The lower than expected effectiveness of the photosensitizer is probably due to poorer uptake and/or different localization to PDTsensitive sites in the vasculature.
TPE-PDT: Challenges
For the transition of TPE-PDT from the lab to the clinic, there are still several roadblocks to be met. The main challenges in the development of TPE-PDT are the need for: TPE-specific drugs, inexpensive lasers, adaptive optics to correct for optical aberration in the lens/cornea, and integration of technology into a "point and shoot" package for physicians.
A good TPE-specific drug needs to have high two-photon absorption, low human toxicity, high efficiency for singlet oxygen generation and should be easily targeted to the retinal neovasculature. The previously mentioned Porphyrin Dimer 1 (section 2 and fig. 3 ) meets at least three of these criteria. It has high two-photon absorption, very high singlet oxygen yield and shows promise for targeting to the neovasculature (Collins et al., 2008) . It is, as such, a promising candidate for testing as a TPE-PDT drug.
Currently, TPE-PDT can only be achieved by excitation with expensive, high energy, pulsed lasers that can provide the high energy densities required for two-photon absorption. However, photosensitizers with very high two-photon absorption can potentially be activated by inexpensive low energy lasers, making TPE-PDT an economically viable treatment. Porphyrin dimers, with their large two-photon absorption cross-section and high efficiency of singlet oxygen generation, hold out the promise of inexpensive TPE-PDT treatment (Drobizhev et al., 2005; Kobuke & Ogawa, 2008 The next challenge would be to develop adaptive optics for localized delivery of laser light into the retinal neovasculature. The laser beam needs to be tightly focused upon the macular neovasculature, and the defocusing effect of the eye-lens as well as the cornea needs to be overcome to achieve this. Research is currently under way at the Campbell laboratory, University of Waterloo, to develop an ophthalmoscope for TPE-PDT.
TPE-PDT and anti-VEGF therapy
Photodynamic therapy has proved extremely useful in prohibiting choroidal neovascular leakage and conservation of visual acuity (Arnold et al., 2001; Azab et al., 2004) . It does not, however, prevent reoccurrence of retinal leakage, and treatment needs to be repeated at regular intervals (Schmidt-Erfurth et al., 1999) . For effective arrest and/or cure of wet-AMD, PDT needs to be complemented by other treatments that prevent the formation of neovasculature. Of these, anti-VEGF therapy shows the greatest promise (Abouammoh & Sharma, 2011; Chiang & Regillo, 2011; Ozkiris, 2010) . It targets VEGF-A, the vascular endothelial growth factor (VEGF) that is associated with promoting neovascularisation and angiogenesis. The role of VEGF-A in the pathogenesis of the wet-AMD is well recognized (Ferrara et al., 2003; Kliffen et al., 1997) . PDT has also been implicated in the upregulation of VEGF, thereby promoting vascularisation, even as it eradicates the existing neovasculature. A treatment strategy that targets VEGF at the same time as it occludes existing neovasculature is therefore, strongly indicated.
Currently, two anti-VEGF strategies are most commonly used in treatment, both of which involve antibodies to VEGF-A (Abouammoh & Sharma, 2011) . Bevacizumab (Avastin, Genentech, San Fransisco, California, USA) is a humanized monoclonal antibody to VEGF-A, while Ranibizumab (Lucentis, Genentech, San Fransisco, California, USA) is a monoclonal antibody fragment derived from Bevacizumab. Both Avastin and Lucentis are administered through intraocular injections and have been shown to significantly improve the visual acuity. In both cases, the treatment requires repeated intraocular injections and neither of them can eradicate pre-existing neovasculature. Combining anti-VEGF therapy with TPE-PDT for treating wet-AMD has the potential to reduce the number of anti-VEGF injections, while still greatly improving the visual acuity by blocking neovascularisation of the retinal macula and destroying pre-existing leakage.
Preliminary investigations of combined Avastin and one-photon PDT treatments suggest that while the combination therapy does not always improve visual acuity, it does reduce the number of retreatments required (Abouammoh & Sharma, 2011; Chiang & Regillo, 2011) . Clinical trials are currently under way in North America and Europe to investigate the effects of combined PDT and Lucentis anti-VEGF therapy (Abouammoh & Sharma, 2011; Chiang & Regillo, 2011) .
Conclusions
Laboratory experiments show that two-photon excitation photodynamic therapy offers potential for better selectivity and lower collateral damage in treating wet age-related macular degeneration. Experiments in the chicken embryo and mouse window models show that it is possible to achieve long-term, complete occlusion of blood vessels using twophoton excitation of verteporfin. Design of photosensitizers with higher two-photon
